ABSTRACT Evolution of resistance by pests can reduce the efÞcacy of transgenic crops that produce insecticidal toxins from the bacterium Bacillus thuringiensis Berliner (Bt). In conjunction with refuges of non-Bt host plants, Þtness costs can delay the evolution of resistance. Furthermore, Þtness costs often vary with ecological conditions, suggesting that agricultural landscapes can be manipulated to magnify Þtness costs and thereby prolong the efÞcacy of Bt crops. In the current study, we tested the effects of four species of entomopathogenic nematodes (Steinernematidae and Heterorhabditidae) on the magnitude and dominance of Þtness costs of resistance to Bt toxin Cry1Ac in pink bollworm, Pectinophora gossypiella (Saunders) (Lepidoptera: Gelechiidae). For more than a decade, Þeld populations of pink bollworm in the United States have remained susceptible to Bt cotton Gossypium hirsutum L. producing Cry1Ac; however, we used laboratory strains that had a mixture of susceptible and resistant individuals. In laboratory experiments, dominant Þtness costs were imposed by the nematode Steinernema riobrave Cabanillas, Poinar, and Raulston but no Þtness costs were imposed by Steinernema carpocapsae Weiser, Steinernema sp. (ML18 strain), or Heterorhabditis sonorensis Stock, Rivera-Orduñ o, and Flores-Lara. In computer simulations, evolution of resistance to Cry1Ac by pink bollworm was substantially delayed by treating some non-Bt cotton refuge Þelds with nematodes that imposed a dominant Þtness cost, similar to the cost observed in laboratory experiments with S. riobrave. Based on the results here and in related studies, we conclude that entomopathogenic nematodes could bolster insect resistance management, but the success of this approach will depend on selecting the appropriate species of nematode and environment, as Þtness costs were magniÞed by only two of Þve species evaluated and also depended on environmental factors.
Transgenic corn, Zea mays L., and cotton, Gossypium hirsutum L., that produce insecticidal proteins from Bacillus thuringiensis Berliner (Bt) were grown on 50.3 million ha worldwide in 2009 (James 2009 ). These crops provide effective control of some pest species, but they also place intense selective pressure on populations of target pests to evolve resistance. Although Bt crops have remained effective for more than a decade against many targeted pest populations, Þeld-evolved resistance has been reported in some populations of three species of Lepidoptera (Luttrell et al. 2004 , Van Rensburg 2007 , Matten et al. 2008 . Enhancing insect resistance management strategies may help to delay pest resistance to Bt crops.
The refuge strategy is used in the United States and elsewhere to delay pest resistance to Bt crops (Gould 1998 , EPA 2007 . This strategy requires refuges of non-Bt host plants near Bt crops to promote survival of Bt-susceptible individuals. Ideally, the rare resistant insects emerging from Bt crops mate primarily with the more abundant susceptible insects emerging from refuges. The heterozygous progeny that result from mating between Bt-susceptible and Bt-resistant pests will have lower survival on Bt crops than homozygous resistant individuals and this will in turn delay the evolution of resistance (Sisterson et al. 2004 ). However, movement of resistant individuals into refuge populations will disrupt this dynamic, because these individuals will produce either homozygous resistant or heterozygous progeny in the refuge. The accumulation of resistance alleles in refuge populations, caused by movement of resistant individuals from Bt Þelds into refuges, will eventually lead to resistance within the entire population (Caprio 2001 , Sisterson et al. 2004 , Sisterson et al. 2005 . However, Þtness costs of Bt resistance can reduce the frequency of resistance alleles in the refuge population, thereby delaying pest resistance (Carriè re and Tabashnik 2001 , Pittendrigh et al. 2004 ).
Fitness costs occur, in the absence of Bt toxins, when Þtness is lower for individuals with alleles for Bt resistance than for individuals without resistance alleles (Carriè re and Tabashnik 2001 , Gassmann et al. 2009a . When resistance alleles are rare in a population, the majority of these alleles will be carried by heterozygous individuals (Hartl and Clark 1997) . Thus, nonrecessive Þtness costs, which by deÞnition affect heterozygous individuals, will be the most effective at delaying resistance (Carriè re and Tabashnik 2001 , Gassmann et al. 2009b . Both the magnitude and dominance of Þtness costs of Bt resistance can be affected by several ecological factors, including host plant species, host plant cultivar, intraspeciÞc competition, entomopathogenic viruses, and entomopathogenic nematodes (Gassmann et al. 2009a ). Such effects have been termed ecological negative cross-resistance (Pittendrigh et al. 2008 , Gassmann et al. 2009c . The presence of ecological negative cross-resistance implies that it may be possible to design refuges to magnify Þtness costs. For example, planting refuges with crops that produce larger or more dominant Þtness costs may further delay pest resistance to Bt crops.
In this study, we use a combination of experimental work and computer modeling to evaluate the potential for using entomopathogenic nematodes to magnify Þtness costs and potentially delay resistance of pink bollworm, Pectinophora gossypiella (Saunders) (Lepidoptera: Gelechiidae), to Bt toxin Cry1Ac. Pink bollworm is a major cotton pest throughout the southwestern United States and much of the world that has been managed with Bt cotton producing Cry1Ac (Henneberry and Naranjo 1998 , Henneberry and Jech 2000 , Tabashnik et al. 2005b . Pink bollworm pupates in the soil, and Þeld data suggest that entomopathogenic nematodes may be a useful management tool to control this pest in non-Bt refuge Þelds (Gouge et al. 1998 , Gouge et al. 1999 . Previous work with two species of entomopathogenic nematode showed that Þtness costs of resistance to Cry1Ac were consistently magniÞed by Steinernema riobrave Cabanillas, Poinar, and Raulston, but that Heterorhabditis bacteriophora Poinar seldom increased Þtness costs (Gassmann et al. 2006 (Gassmann et al. , 2009b .
To better understand which nematodes impose Þt-ness costs, the current study tested the effects of four nematode species on the magnitude and dominance of Þtness costs for Cry1Ac resistance in pink bollworm.
The nematode species and strains tested were S. riobrave (ML29 strain), Steinernema carpocapsae Weiser (ALL strain), Steinernema sp. (ML18 strain), and Heterorhabditis sonorensis Stock, Rivera-Orduñ o, and Flores-Lara (CH35 strain). The latter three nematode species had not been tested previously to assess their effects on Þtness costs of pink bollworm resistance to Cry1Ac. In addition, with the exception of the ALL strain of S. carpocapsae, the nematode strains studied here were isolated from southern Arizona Gress 2006, Stock et al. 2009 ), suggesting they might be well adapted to local conditions.
In previous modeling work, we evaluated the potential effects of applying the nematode S. riobrave to all refuge Þelds of non-Bt cotton (Gassmann et al. , 2009b . However, because nematodes are often costly to apply and provide inconsistent suppression of pest populations, it is probably not practical to treat large numbers of Þelds with nematodes (Gaugler et al. 1997 , Lacey et al. 2001 . Therefore, the simulations reported here extend previous work by assessing the effects of applying nematodes on up to 2.5% of all Þelds, which represented less than a third of refuge Þelds.
Materials and Methods
Pink Bollworm and Nematodes. We used pink bollworm from a Bt-resistant strain SAF97-H4R, a susceptible strain SAF97-H4S, and the progeny from crosses between these two strains. We started with strain SAF97, which originated from individuals collected from Safford, AZ, in 1997 in which the initial frequency of Cry1Ac resistance alleles was 0.16 (Tabashnik et al. 2000) . SAF97 was selected with Cry1Ac to obtain SAF97-R (Tabashnik et al. 2005a ). SAF97 and SAF97-R were crossed to create hybrid strain SAF97-H1 . A pure susceptible strain (SAF97-H1S) and a pure resistant strain (SAF97-H1R) were then generated from SAF97-H1 . Hybrid strain SAF97-H4 was produced by mass mating 100 SAF97-H1S females with 100 SAF97-H1R males, and 100 SAF97-H1S males with 100 SAF97-H1R females. Progeny from these crosses were pooled to begin SAF97-H4, which had been reared for 11 generations on non-Bt diet at the time of this experiment. Several family lines that were susceptible to Cry1Ac (SAF97-H4S) and resistant to Cry1Ac (SAF97-H4R) were then selected from hybrid strain SAF97-H4 as detailed below.
In pink bollworm, resistance to Cry1Ac is tightly linked with a gene encoding a cadherin protein that binds to Cry1Ac, and strains derived from SAF97 have cadherin resistance alleles r1 and r2 (Morin et al. 2003 , Tabashnik et al. 2005a , Fabrick and Tabashnik 2007 . Two r alleles in any combination (e.g., r1r2) allow survival on Bt cotton that produces Cry1Ac (Tabashnik et al. 2005a ). Here, we refer to individuals with any combination of two resistance alleles as rr (homozygous resistant), individuals with no resistance alleles as ss (homozygous susceptible), and individuals with one resistance allele as rs (heterozygous).
To start susceptible families of SAF97-H4S, 75 single-pair matings from SAF97-H4 were screened for the r1 and r2 alleles using polymerase chain reaction (PCR) with allele-speciÞc primers (Morin et al. 2004) , after Þrst collecting eggs from each pair. For pairs lacking r alleles, two additional checks were run to conÞrm the susceptibility of the families. First, adults from the F1 generation of each family were pooled and screened with PCR primers for cadherin r alleles. Second, Ϸ100 eggs from the F2 generation of each family were placed on diet with 10 g of Cry1Ac/ml diet and tested for survival to the fourth instar. Families that were negative for these two additional screens were classiÞed as susceptible. In total, Þve families of SAF97-H4S (S1ÐS5) were used for the experiment. To start resistant families of SAF97-H4R, we placed several hundred eggs from SAF97-H4 on diet containing 10 g Cry1Ac/ml diet, which kills all but rr larvae (Tabashnik et al. 2005a) . From the survivors, single-pair matings were used to derive eight resistant families (R1ÐR8) used for the experiment.
This experiment was run from November 2007 to May 2008, which spanned six generations (F4 ÐF9) of the SAF97-H4S and SAF97-H4R family lines. Each experimental block contained four classes of genotypes: rr, &rs, (rs, and ss, and a total of 10 blocks were run for the entire experiment. Each genotype class within a block was generated by making reciprocal crosses between two families to generate homozygotes (rr or ss) (e.g., &SAF97-H4R family R7 ϫ (SAF97-H4R family R8 ϩ &SAF97-H4R family R8 ϫ (SAF97-H4R family R7 ϭ rr) or by making unidirectional crosses among four families to generate heterozygotes (&rs or (rs) (e.g., &SAF97-H4R family R7 ϩ &SAF97-H4R family R5 ϫ (SAF97-H4S family S3 ϩ (SAF97-H4S family S4 ϭ &rs). Each cross used 20 pupae of each sex per family. Pupae were sexed and put in a 237-ml paper oviposition cup with a vial of honey-water solution and oviposition substrate that was made of paper toweling (Chix Masslinn Shop Towel #0930, Chicopee Manufacturing, Benson, NC). We made a total of 40 crosses for 10 experimental blocks. For the eight rr families, four family lines were used in three blocks and four family lines were used in two blocks. For the Þve ss families, one family line was lost after use in only one block and another after being used in two blocks. The remaining three family lines were used in four, Þve, and eight blocks, respectively.
For each block, the four genotypic classes of pink bollworm (rr, &rs, (rs, and ss) were tested against four nematode species: S. riobrave (ML29 strain), Steinernema sp. (ML18 strain), S. carpocapsae (ALL strain), and H. sonorensis (CH35 strain). Nematodes were maintained in the laboratory through periodic culturing in Galleria mellonella L. (Lepidoptera: Pyralidae) (Kaya and Stock 1997) . For nematode assays, third stage infective juveniles (IJs) were harvested from White traps upon emergence from G. mellonella and were used within 2 wk (Kaya and Stock 1997) .
Experimental Design. Pink bollworm eggs from the experimental crosses were placed on artiÞcial diet without Bt toxin and reared at 25ЊC with a photoperiod of 14:10 (L:D) h. Fifteen to 18 d after hatching, larvae reached the wandering stage of the fourth (Þnal) instar, and were exposed to nematodes. Nematode assays were conducted by placing larvae singly in petri dishes (60 by 15 mm) that were lined with 3 g of sterile sand. Petri dishes were treated with 0.75 ml of deionized water, sealed inside plastic bags, and held in darkness at 25ЊC. This exposure method was chosen to mimic conditions in the Þeld, where many fourth instars in the wandering stage drop to the ground and pupate in the top layer of the soil (Henneberry and Clayton 1979) . Larvae were checked daily for the Þrst week, and every 7 d for the next 3 wk, to ensure all larvae remained on the sand substrate. If larvae moved to the sides of the petri dish, they were returned to the sand at the center of the dish. Collection of data for a block was ended after one week had passed since the last adult eclosed. Mortality was recorded as the proportion of individuals failing to eclose as adults.
Each of the four classes of pink bollworm genotype (rr, &rs, (rs, and ss) was tested against four nematode species at the following seven concentrations: 0, 2, 4, 6, 8, 10, and 12 IJs per ml for Steinernema sp., S. riobrave, and S. carpocapsae; and 0, 10, 20, 30, 40, 50 , and 60 IJs per ml for H. sonorensis. Concentrations for Steinernema nematodes were based on previous work with S. riobrave (Gassmann et al. 2006) , and concentrations of the new Heterorhabditis nematode species were based on preliminary bioassays. For each of 10 blocks, three pink bollworm larvae per genotype were tested at each nematode concentration; except 0 (control) in which 10 larvae per genotype were tested. For each assay, 288 larvae were treated with nematodes (four genotypic classes ϫ four nematode species ϫ six concentrations ϫ three replicates) and 40 larvae were used as controls (four genotypic classes ϫ 10 replicates), for a total of 328 larvae per block. Blocks were replicated 10 times over the course of the experiment, resulting in a total sample size of 3,280 larvae.
Data Analysis. LC 50 values and 95% Þducial limits were calculated for each nematode species (PROC PROBIT in SAS, SAS Institute 1999). Data were pooled across genotypic classes when determining LC 50 values. LC 50 values with nonoverlapping 95% Þducial limits are signiÞcantly different from each other (Robertson et al. 2007) .
To test for differences in mortality among genotypic classes, data on mortality in the presence of nematodes were Þrst adjusted for control mortality in the same block with AbbottÕs correction (Abbott 1925 , Lacey 1997 . Data from nematode concentrations at and above the concentration causing 100% mortality across all insect genotypes were removed from analysis because those data greatly reduced the possibility of detecting variation in mortality among genotypes. Data were transformed to ensure normality of the residuals and homogeneity of variance, with mortality transformed by the arcsine of the square root function and concentration transformed with the log function.
Data were analyzed with a mixed-model analysis of covariance (ANCOVA) and analysis of variance (ANOVA) (PROC MIXED in SAS). Fixed factors were the continuous variable of nematode concentration and the categorical variables of insect genotype and nematode species; block and its interactions were random effects. Random effects were tested with a log-likelihood ratio statistic (Ϫ2 RES log likelihood in PROC MIXED), which provides a one-tailed test based on a chi-square distribution with 1 df (Littell et al. 1996) . When block or its interactions were not signiÞcant at ␣ Ͻ 0.25, these factors were excluded from the model to increase statistical power (Quinn and Keough 2002) . If higher order terms (e.g., block ϫ genotype) were signiÞcant, lower order terms (e.g., block) were retained.
Because effects of nematode concentration on pink bollworm mortality differed signiÞcantly among the nematode species (F ϭ 27.66; df ϭ 3,895; P Ͻ 0.0001), nematode species were analyzed separately to simplify the analysis. For each nematode species, we Þrst conducted a two-way ANOVA to test for differences in the regression slope of nematode concentration onto pink bollworm mortality among the genotypic classes. For each of the four nematode species, no signiÞcant interactions occurred between nematode concentration and pink bollworm genotype ( Table 1 ), indicating that regression slopes were homogenous within each nematode species. As a result, we applied an ANCOVA to test for differences in mortality among pink bollworm genotypes when challenged with nematodes.
Before testing for overall variation in mortality among genotypes, we Þrst used ANCOVA to test for differences between the two classes of heterozygous genotypes (&rs and (rs). For each of the four nematode species, no signiÞcant differences between these genotypic classes were found (P Ͼ 0.18 in all cases). Consequently, the two classes of heterozygous genotypes were pooled and are denoted hereafter as rs. Next, for each nematode species, we tested for variation among pink bollworm genotypes (ss, rs, and rr) in nematode-imposed mortality. For S. riobrave, the genotype effect was signiÞcant, indicating that mortality caused by nematodes varied among pink bollworm genotypes. To characterize this effect, we made three a priori linear contrasts: 1) ss versus rr, 2) rs versus ss, and 3) rs versus rr.
Simulation Modeling. We used a computer model to assess how the Þtness cost imposed by S. riobrave in this study could affect the evolution of resistance by pink bollworm to Bt cotton producing Cry1Ac. We used a previously described spatially explicit, stochastic model with parameters based on the biology of pink bollworm in Bt and non-Bt cotton Þelds (Sisterson et al. 2004 (Sisterson et al. , 2005 Gassmann et al. 2008 Gassmann et al. , 2009b . We used the same basic model structure as in Gassmann et al. (2008 Gassmann et al. ( , 2009b , but we examined different assumptions about the presence of nematodes and their effects on pink bollworm population dynamics, as detailed below.
Each simulation had up to three types of Þelds: 1) Bt cotton Þelds, 2) refuge Þelds (non-Bt cotton) without nematodes, and 3) refuge Þelds treated with nematodes (either S. riobrave or a "control nematode" that imposed the same level of mortality as S. riobrave but did not affect Þtness costs). We simulated 16 farms, each with 25 cotton Þelds (Þve by Þve), for a total of 400 Þelds. In each simulation run, all farms had the same percentage of refuges. We based pink bollworm survival in the absence of nematodes on published empirical data and used the same values as in previous modeling studies (Sisterson et al. 2004 (Sisterson et al. , 2005 Gassmann et al. 2008 Gassmann et al. , 2009b . In Bt cotton Þelds, S. riobrave was absent and proportional mortality from egg to pupa was as follows: rr ϭ 0.793 and rs and ss ϭ 1. In refuges without S. riobrave, mortality was as follows: rr ϭ 0.793, rs ϭ 0.793, and ss ϭ 0.792, with a slight Þtness advantage present for ss to balance the effect of mutation introducing r alleles into the population.
As in Gassmann et al. (2008 Gassmann et al. ( , 2009b , we modeled how the presence of nematodes in refuges affects resistance evolution. However, in the modeling presented here, nematodes affected both Þtness costs and pink bollworm mortality, which is more realistic than only altering Þtness costs as was done previously (Gassmann et al. , 2009b . In refuges treated with S. riobrave, mortality increased from 0.793 in refuges without nematodes to 0.964 for rr and to 0.956 for rs, and from 0.792 to 0.935 for ss. These values were calculated as follows. For the bioassays in this study with S. riobrave, experimentally observed mean mortality caused by nematodes was 0.828 for rr, 0.791 for rs and 0.687 for ss (Fig. 1) . In the simulations, mortality in the presence of nematodes was added to mortality from neonate to the pupal stage. For example, ss mortality without nematodes was 0.792, which means that proportional survival was 1Ð 0.792 ϭ 0.208. S. riobrave then imposed mortality on the remainder of the population and killed an additional 0.208 ϫ 0.687 ϭ 0.143 of the ss genotype. Thus, mortality for ss in the presence of S. riobrave was 0.792 ϩ 0.208 ϫ 0.687 ϭ 0.935. Similarly, mortality for rs in refuges with S. riobrave was 0.793 ϩ 0.207 ϫ 0.791 ϭ 0.956 and mortality for rr was 0.793 ϩ 0.207 ϫ 0.828 ϭ 0.964. Because resistance evolution could be affected both by pest survival in refuges and Þtness costs, we also ran control simulations in which mortality was increased but there were no Þtness costs, which we call the "nematode control." For the nematode controls, mortality in refuge Þelds was ss ϭ 0.935, rs ϭ 0.936, and rr ϭ 0.936. a Genotype ϫ concentration was not signiÞcant and consequently was not included in the model (F ϭ 0.38; df ϭ 3,164; P ϭ 0.77).
b Random factors in the model included block 2 ϭ 18.2, df ϭ 1, P Ͻ 0.0001.
c Genotype ϫ concentration was not signiÞcant and consequently was not included in the model (F ϭ 1.98; df ϭ 3,219; P ϭ 0.12).
d Random factors in the model included block 2 ϭ 28.7, df ϭ 1, P Ͻ 0.0001.
e Genotype ϫ concentration was not signiÞcant and consequently was not included in the model (F ϭ 1.63, df ϭ 3,223, P ϭ 0.18).
f Random factors in the model included block 2 ϭ 33.5, df ϭ 1, P Ͻ 0.0001.
g Genotype ϫ concentration was not signiÞcant and consequently was not included in the model (F ϭ 0.78; df ϭ 3,156; P ϭ 0.51).
h Random factors in the model included block 2 ϭ 37.2, df ϭ 1, P Ͻ 0.0001 and block ϫ genotype: 2 ϭ 2.3, df ϭ 1, P ϭ 0.065.
We used sensitivity analysis to evaluate how variation in the percentage of Þelds treated with S. riobrave or nematode controls could inßuence resistance evolution. We examined the effects of treating a total of 0, 2, 4, 6, 8, and 10 refuge Þelds with S. riobrave or nematode controls across the entire landscape of 400 Þelds encompassed by the 16 farms. This corresponds to treating 0, 0.5, 1, 1.5, 2, and 2.5% of the 400 Þelds with either nematodes or nematode controls. We evaluated this range of values under three refuge percentages for each farm: 8% (two refuge Þelds per farm, 32 refuge Þelds total), 20% (Þve refuge Þelds per farm, 80 refuge Þelds total), and 28% (seven refuge Þelds per farm, 112 refuges total). Thus, the percentage of refuge Þelds treated with nematodes varied from 0 to 31.3% with 8% refuge, from 0 to 12.5% with 20% refuge, and from 0 to 8.9% with 28% refuge. The spatial arrangement of Bt cotton and refuge Þelds was Þxed for each simulation, but each year refuge Þelds were randomly selected from the entire landscape for treatment with S. riobrave or control nematodes.
For each of the 30 combinations of three refuge percentages (8, 20, or 28%) by Þve percentages of Þelds treated with nematodes (0.5, 1, 1.5, 2, or 2.5%) by two nematode types (S. riobrave or control nematode), 20 simulations were run. For the three refuge percentages (8, 20, or 28%) with 0% of Þelds treated with nematodes, 20 simulations also were run. For each set of 20 simulations, we calculated the median time until the r allele frequency reached 0.50.
Results
Bioassays. Mortality of larvae in experimental controls was low, with only 3% of larvae (11/400) failing to survive to adulthood. The amount of control mortality per genotypic class was rr 2% (2/100); &rs 3% (3/100); (rs 1% (1/100); and ss 5% (5/100). No signiÞcant difference was present among the four genotypic classes for control mortality ( 2 ϭ 3.27, df ϭ 3, P ϭ 0.35).
There were no signiÞcant interactions between pink bollworm genotype and nematode concentration (Table 1) . When data were analyzed with ANCOVA, there was a signiÞcant effect of nematode concentration on pink bollworm mortality for all nematode species (Table 1) . In all cases, pink bollworm mortality increased with higher nematode concentrations (Fig. 1) , and rr) . For all nematode species, there was a signiÞcant effect of nematode concentration on pink bollworm mortality (P Ͻ 0.05 in all cases). There was a signiÞcant difference in mortality among the pink bollworm genotypes when treated with S. riobrave (P ϭ 0.017). Note that D uses a different scale on the x-axis than AÐC. Control mortality was 3%, with 11 larvae dying out of 400 larvae tested. Mortality differed signiÞcantly among the three insect genotypes (ss, rs, and rr) when larvae were treated with S. riobrave but not when they were treated with the other three nematode species (Table  1 ; Fig. 1 ). Pairwise contrasts of data on mortality of pink bollworm from S. riobrave revealed that mortality was signiÞcantly higher for rr than ss (F ϭ 7.41, df ϭ 168, P ϭ 0.007) and for rs than ss (F ϭ 5.62, df ϭ 168, P ϭ 0.02). However, mortality did not differ between rr and rs (F ϭ 0.65, df ϭ 223, P ϭ 0.42) (Fig. 1A) . This indicates that S. riobrave imposed a dominant Þtness cost, because it increased mortality for both homozygous resistant (rr) and heterozygous (rs) individuals. However, Þtness costs were absent for the other three nematode species tested, as indicated by the lack of a signiÞcant effect of genotype in the ANCOVA analysis.
The mean level of mortality imposed by S. riobrave was 0.828 for rr, 0.791 for rs and 0.687 for ss (Fig. 1) . Thus, S. riobrave imposed a 21% Þtness cost for the rr genotype ((0.828 Ϫ 0.687)/0.687) and a 15% Þtness cost for the rs genotype ((0.791 Ϫ 0.687)/0.687), which was calculated as (mortality of rr or rs Ð mortality of ss)/mortality of ss.
Modeling. In simulations, evolution of Bt resistance could be delayed by treating a relatively small number of non-Bt cotton refuge Þelds with S. riobrave (Fig. 2) . However, this effect only occurred when either 20 or 28% of the landscape was refuge Þelds (Fig. 2C and E) , and was absent when there was only 8% refuge ( Fig.  2A) . For example, compared with results in the absence of nematodes, treating 10 of 400 Þelds (2.5%) with nematodes increased the median time for resistance to evolve from 33 to 56 yr with 20% refuge (Fig.  2C) , and from 45 to 69 yr with 28% refuge (Fig. 2E) . By contrast, when only 8% of the landscape was refuge Þelds, treating 2.5% of Þelds with nematodes caused the time for resistance to evolve to decrease from 14 to 4 yr, relative to the absence of nematodes ( Fig. 2A) . For all refuge sizes, the "control nematode," which increased mortality in refuge Þelds but did not increase Þtness costs, caused pink bollworm to evolve Bt resistance slightly faster as a greater percentage of Þelds were treated (Fig. 2B, D, and F) .
Nematode treatments also generally increased the variation in time for resistance to evolve. For example, with a 20% refuge, resistance evolved in 5Ð50 yr without nematodes versus 15 to Ͼ100 yr with nematodes in 2% of Þelds (Fig. 2C) . Consistent with previous results from many modeling studies, resistance also evolved slower as the refuge percentage increased either with or without nematodes (Fig. 2) .
Discussion
In the current study, the entomopathogenic nematode S. riobrave imposed a dominant Þtness cost associated with pink bollworm resistance to Cry1Ac, but Þtness costs were absent for S. carpocapsae, Steinernema sp. (ML18 strain), and H. sonorensis (Table 1 ; Fig. 1) . In previous studies with pink bollworm, S. riobrave imposed a recessive Þtness cost (Gassmann et al. , 2009b , whereas H. bacteriophora imposed a Þtness cost when larvae were reared on cotton bolls (Gassmann et al. 2009b) but not when larvae were reared on artiÞcial diet either with or without the cotton phytochemical gossypol . Together, the new and previous results show that the nematode-imposed Þtness costs of resistance to Cry1Ac in pink bollworm are variable. In particular, such costs were imposed by only two of Þve nematode species tested, S. riobrave and H. bacteriophora. Furthermore, the dominance and magnitude of Þtness costs imposed by these two nematode species varied among experiments conducted under different environmental conditions. In general, these results imply that nematode-imposed Þtness costs of resistance to Cry1Ac in pink bollworm depend on the species of nematode as well as interactions between nematode species and environmental factors.
The results of this study, and others with nematodes and pink bollworm, are consistent with the general pattern that Þtness costs of resistance to Bt toxins are affected by ecological conditions (Gassmann et al. 2009a) . Similar results also have been reported for Þtness costs of resistance to natural enemies and synthetic insecticides. For example, Þtness costs of resistance to the parasitoid Asobara tabida Nees (Hymenoptera: Braconidae) in Drosophila melanogaster Meigen (Diptera: Drosophilidae) were greater when larvae were reared with more intense intraspeciÞc competition (Kraaijeveld and Godfray 2009) . Similarly, Þtness costs for resistance to organophosphate insecticide in Culex pipiens L. (Diptera: Culicidae) were magniÞed by crowding (Bourguet et al. 2004 ). Although it is increasingly recognized that ecological factors can inßuence Þtness costs, an understanding of the mechanistic basis of such effects is largely lacking (Strauss et al. 2002 , Gassmann et al. 2009a , Vila-Aiub et al. 2009 ). In pink bollworm, the general immune response of melanization, as mediated by the phenoloxidase pathway, did not differ between Cry1Ac-resistant and Cry1Ac-susceptible larvae (Gassmann et al. 2009b) . Bt resistance in pink bollworm is associated with alteration of a cadherin protein, and cadherins have a variety of biological functions (Angst et al. 2001 , Morin et al. 2003 . However, at this time the causal links between changes in cadherin and increased susceptibility to S. riobrave and H. bacteriophora, but not other nematodes, remains unclear.
InterspeciÞc differences in the host location behavior of nematodes or in the nematodes associated bacterial symbionts may have contributed to the different effects on Þtness costs observed in this study. Nematodes in the genera Steinernema and Heterorhabditis locate their hosts using sit-and-wait tactics, active foraging, or a combination of these approaches. Members of the genus Heterorhabditis tend to be sit-and-wait foragers as is S. carpocapse (Grewal et al. 1994 , Campbell et al. 2003 . Steinernema riobrave is an intermediate forager using both active foraging coupled with sit-and-wait tactics (Campbell et al. 2003) . The foraging behavior of Steinernema sp. (ML18 strain) is not known. It may be that more actively foraging nematodes are more effective at magnifying Þtness costs.
After locating a living host insect, nematodes enter the hostÕs hemocoel and release symbiotic bacteria Gaugler 1993, Burnell and Stock 2000) . These bacteria produce compounds that are toxic to the insect host and suppress its immune system, eventually killing the host (Boemare 2002a, Park and Stanley 2006) . InterspeciÞc variation exists in the bacterial species associated with entomopathogenic nematodes (Burnell and Stock 2000, Boemare 2002b) , and these bacterial species in turn differ in the insecticidal toxins they produce (Forst and Nealson 1996, Chattopadhyay et al. 2004) . Differences among symbiotic bacteria also may have contributed to the differences in Þtness costs observed in this study.
Bolstering insect resistance management by magnifying Þtness costs offers a promising avenue for increasing the sustainability of Bt crops and conventional insecticides. However, if the ecological factors that increase costs are speciÞc to each pest or each mechanism of resistance, it will be difÞcult to apply this idea in the Þeld. Future research on the genomics and proteomics of resistance to insecticides may allow for the rapid identiÞcation of the genetic basis of insecticide resistance and the ability to predict which ecological factors are likely to magnify Þtness costs (Gassmann et al. 2009c) . The incorporation of ecologically based Þtness costs into resistance management offers an opportunity to apply integrated pest management (IPM) techniques to improve insect resistance management (IRM) (Carriè re and Tabashnik 2001 , Pittendrigh et al. 2004 , Carriè re et al. 2005 . Currently, in a Bt cropping system, the purpose of the refuge is primarily to supply susceptible pests to mate with resistant insects. However, some of the same components of IPM such as biological control and host plant resistance also may act to increase Þtness costs of Bt resistance (Janmaat and Myers 2005 , Bird and Akhurst 2007 , Raymond et al. 2007 . The ability of such ecological factors to increase Þtness costs is referred to as ecological negative crossresistance (Pittendrigh et al. 2008 , Gassmann et al. 2009c . In practical terms, it may be possible to apply ecological negative cross-resistance by growing certain host plant varieties in refuges or treating refuges with entomopathogens, which will act both to reduce pest injury to crops in refuges and to enhance Þtness costs of Bt resistance.
A popular hypothesis concerning Þtness costs is that they are magniÞed by environmental stress (Bergelson 1994 , Marak et al. 2003 , Raymond et al. 2005 , Hardstone et al. 2009 ). If true this would provide a simple strategy for designing refuges that maximize Þtness costs. We found mixed evidence in support of this hypothesis in the current study. For all of the nematodes tested, a signiÞcant interaction between insect genotype and nematode concentration was absent (Table 1) . This means that greater Þtness costs of Bt resistance did not exist at higher nematode concentrations (a more stressful environment) compared with lower nematode concentrations (a less stressful environment). However, costs were only found for S. riobrave, which had a signiÞcantly lower LC 50 (i.e., was a more lethal pathogen) than the other nematode species tested (see Results). Past research on pink bollworm found no effect of cotton cultivar on Þtness costs of Bt resistance even though one cultivar (TX53) caused signiÞcantly greater larval mortality than another cultivar (DP50) (Carriè re et al. 2005) . In addition, overwintering stress did not increase Þtness costs of Bt resistance in Trichoplusia ni (Hü bner) (Caron and Myers 2008) . It seems that although Þtness costs vary with ecological conditions, they are not consistently greater under more stressful conditions. Simulation modeling indicated that treating only a portion of refuge Þelds in a landscape may delay pink bollworm resistance to Bt cotton (Fig. 2) . This builds on past simulation modeling of interactions between nematodes and pink bollworm, which considered cases in which all refuges were treated with nematodes (Gassmann et al. , 2009b . However, the IRM beneÞt of applying S. riobrave to refuges depends on the percentage of refuge in the landscape. When only 8% of cotton Þelds were planted as refuge, there was no beneÞt of treating refuge Þelds with S. riobrave ( Fig. 2A) . This probably arose because nematodes reduced the population size of pink bollworm in the refuge. As refuge population size decreases, pests tend to evolve resistance more quickly because there is a lower probability of susceptible insects from the refuge mating with resistant pests from the Bt Þeld (Tabashnik et al. 2005b) . This is consistent with simulations using a control nematode, which increased mortality in refuges but did not impose Þtness costs, because pink bollworm evolved resistance more quickly as a greater percentage of Þelds were treated with control nematodes (Fig. 2B, D, and F) . Thus, there seem to be two contrasting effects of nematodes on resistance evolution. By increasing Þtness costs nematodes can delay resistance evolution, as has been suggested previously (Gassmann et al. , 2009b . However, by decreasing insect population size within refuges, nematodes may act to increase the rate of resistance evolution. The simulation results presented here suggest that if a sufÞcient percentage of the landscape is planted to refuges (e.g., 20 Ð28%), then the effect of greater Þtness costs will outweigh effects of decreased refuge population size, and there will be a delay in the rate at which populations evolve resistance. This result extends previous modeling work (Gassmann et al. , 2009b , which only considered effects of nematodes on Þtness costs and did not incorporate effects on population size. Pittendrigh et al. (2004) advocated the idea of "active refuges" to remove resistance alleles from refuge populations by magnifying Þtness costs through the action of negative cross-resistance (Pittendrigh et al. 2008 , Gassmann et al. 2009c ). Use of entomopathogens to produce active refuges is appealing because it could reduce synthetic insecticide treatments of refuge populations. However, feasibility of entomopathogens in pest management is typically limited because achieving an acceptable level of pest suppression is often expensive or labor-intensive compared with insecticides (Gaugler et al. 1997 , Lacey et al. 2001 . The simulation results reported here suggest that, in principle, treating a small percentage of Þelds with a control agent that magniÞes Þtness costs for homozygous resistant (rr) and heterozygous (rs) pests could substantially delay pest resistance. Even though Þtness costs were modest, with S. riobrave imposing a 15% Þtness cost for the rs genotype and a 21% cost for rr genotype (see Results), effects on resistance evolution were pronounced. As reported previously, even small effects on Þtness of resistant and heterozygous genotypes can delay resistance evolution when the agent imposing ecological negative cross-resistance is present in the refuge (Carriè re and Tabashnik 2001 , Pittendrigh et al. 2004 , with a key factor being the extent to which costs are imposed on heterozygous individual (Carriè re and Tabashnik 2001 , Gassmann et al. 2009b . Field tests will be needed to determine if this approach is feasible with nematodes, other entomopathogens, or other control agents.
A critical factor affecting the delay in pest resistance by Þtness costs is the overall percentage of the landscape that is planted to refuge (Tabashnik et al. 2005b . As the percentage of the landscape planted to refuges decreases, the number of years resistance is delayed by Þtness costs also decreases or is absent altogether. The trend in the United States toward reduced refuge size and reduced compliance of growers in planting a refuge may diminish any potential IRM beneÞts of entomopathogens or other factors that magnify Þtness costs (EPA 2009 , Jaffe 2009 ). A central tenet of IPM is applying multiple methods to reduce pest populations (Stern et al. 1959) . Bolstering IRM through the use of Þtness costs requires sound IPM including a sufÞcient refuge coupled with IPM strategies such as host-plant resistance and biological control that will both suppress pests and magnify Þtness costs.
